Midinfrared (IR) nonlinear optical (NLO) materials with high performance are vital in important technological applications in many civil and military fields. Very recently, langasite family compounds have attracted much attention due to their wide transparency to mid-IR region and ultrahigh laser damage threshold (LDT). In this brief review, three important compounds-LGS, LGN, and LGT-are investigated and analyzed based on available experimental data. The electrooptical (EO) Q-switch and mid-IR OPO applications are summarized in detail. Finally, promising search directions for new metal oxides that have good mid-IR NLO performances are discussed.
Introduction
In 1961, Franken and his colleagues firstly discovered the second-harmonic generation in quartz using a ruby laser beam. And then Bloembergen built a theoretical framework to explain the principle of nonlinear optical parametric generation. Since then, lasers in the human society have been playing an increasingly important role. Nonlinear optical (NLO) materials have a very important significance to convert the laser wavelength into the spectral region and to obtain a high-power laser source. In the past three decades, many useful NLO crystals in near-infrared (IR), visible, and ultraviolet (UV) regions (wavelength from 0.2 to 2 m) have been developed. In case of the visible region, the KTP (KTiOPO 4 ) crystal has a wide transmission range, high frequency conversion efficiency, good phase-matchable wavelength, high laser damage threshold (LDT), and excellent physical and chemical stability [1] . Regarding UV and deep-UV regions, Chinese scientists have made remarkable contributions. Chen and his collaborators invented the BBO [2] , LBO [3] , and KBBF [4] crystals, known as the "Chinese card" crystal. In particular, the KBBF crystal successfully achieves the sixth-harmonic generation of 1.064 m, which is the only source of deep-UV laser by direct SHG output [5] . BiB 3 O 6 (BIBO) crystal possesses large effective nonlinearity, eff of 3.7 pm/V, and versatile phase-matching properties. Its large angular and spectral acceptance bandwidths and low spatial walk-off at room temperature thus make BIBO highly attractive for frequency conversion in the visible and UV region [6] .
Midinfrared (mid-IR) NLO materials are indispensable for obtaining all-solid-state lasers in the spectral range of 3-20 m by optical parametric oscillation (OPO) or difference frequency generation (DFG) [7] . Tunable narrow band lasers using NLO crystals have very important applications in many advanced areas of science and technology, such as infrared remote sensing [8] , biological tissue imaging [9] , environmental monitoring [10] , and minimally invasive medical surgery [11] . So far, commercially available mid-IR NLO crystals are AgGaS 2 (AGS), AgGaSe 2 (AGSe), and ZnGeP 2 (ZGP). They possess high second-harmonic generation (SHG) coefficients of about 13 pm/V, 33 pm/V, and 75 pm/V, respectively [12] . However, these materials have some disadvantages that hinder their use in mid-IR 2 International Journal of Optics laser generation. For example, the laser damage threshold (LDT) values of AGS and AGSe are too small (only about 25 MW/cm 2 and 11 MW/cm 2 (@1.06 m, 35 ns), resp.) [13] to bear a high-power pumping source. Meanwhile, the strong two-photon adsorption (TPA) in ZGP resulting from its narrow bandgap (2.0 eV) makes it impossible to use an Nd:YAG laser as the pumping source [14] . Therefore, the current rapid developments of mid-IR lasers urgently demand the discovery of new mid-IR NLO materials with a good performance.
In general, optional midinfrared nonlinear optical materials, in addition to having a noncentral symmetric structure, should meet the following conditions [15, 16] : (1) a wider range of transmission bands that can cover important atmospheric transparent windows of 3-5 m; (2) a large nonlinear optical coefficient, because the power of the output light is proportional to the effective nonlinear optical coefficient; (3) high LDT, which essentially depends on the wide bandgap of the material; (4) moderate birefringence Δ to achieve a phase-matchable condition; (5) good growth habit and high optical quality; and (6) good physical and chemical stabilities for convenient applications.
In general, metal oxides usually possess a large bandgap and high LDT compared with metal chalcogenides and phosphides. For example, the LDT of LBO and BBO are 45 and 13.5 GW/cm 2 (@ 1064 nm, 1 ns), which are three orders higher than those of AGS and AGSe. The LDT of KTP is 15 GW/cm 2 (@1064 nm, 1 ns), consequently larger than that of ZGP (0.03 GW/cm 2 ) [14] . However, commercially available NLO oxides are not transparent in the mid-IR region (3-8 m) limited by high-frequency phonon vibrations. For example, KDP, BBO, and LBO have an IR cutoff edge of 1.7, 3.5, and 3.2 m, respectively [14] . Accordingly, there is a pressing need to develop new metal oxides with relatively low phonon vibrational frequency and wide mid-IR transparency window. Notably, the phonon subsystem plays a negligible role in determining the SHG coefficients of wide bandgap oxides (>4.0 eV) and the "anionic group theory" is still suitable [16] . In addition, the phonon vibrational frequency of M-O bond is negatively related to the atomic mass of M and the bond length of M-O bond. Langasite family compounds, with the general formula A 3 BC 3 D 2 O 14 , have attracted more and more attention in recent years owing to their wide transparency up to 7 m [17] , high LDT, and good growth habits. In this brief review, we will introduce the development history of langasite, including crystal structures, physical properties, and growth technology. More importantly, the potential applications of langasites in mid-IR NLO region are summarized.
Structure and Property of Langasite Family
The langasite family structures belong to the space group P321 (number 150) and they can be described using the general formula A 3 BC 3 D 2 O 14 that contains four cationic sites [23] . The A site is coordinated by eight O atoms in dodecahedral geometry; the B site is coordinated by six O atoms in a distorted octahedral geometry; and the C and D sites are coordinated by four O atoms in distorted tetrahedral geometries (Figure 1) , in which the size of the C site is slightly larger than that of the D site.
Generally, the langasite family is generally classified into two types depending on the ionic distribution. In ordered langasites, each cationic site is occupied by a different element, while in disordered ones, the same element enters in more than one site. All of them belong to noncentrosymmetric space group and most of them have been grown by Czochralski or Bridgman method successfully. Owing to the length limit of this review, only three important disordered crystals (LGS, LGN, and LGT) are summarized.
Despite being classified into disordered langasite type, LGS, LGN, and LGT have different ionic distributions [24] . of the B site, and Ga 3+ ions occupy C and D sites, plus half of the B site. Different ovalent and aliovalent substitutions in a given structure are quite interesting in themselves and could, perhaps, also result in improved structural and piezoelectric properties. According to the structure-property relationship, different physical properties are expected in these three crystals, such as piezoelectric, electrooptical, and secondorder NLO coefficients.
Langasite (LGS) and several isomorphic compounds have attracted the attention of researchers due to their special spectroscopic and piezoelectric properties since the early 1980s [25] . Since they show no phase transitions up to their melting points of approximately 1470 ∘ C, the material is considered to be able to replenish or even replacequartz as surface acoustic wave (SAW) filters and sensors for pressure, force, and acceleration at high temperatures [26] . In 1983, Kaminskii et al. reported the laser properties of (La 1− Nd ) 3 Ga 5 SiO 14 (Nd:LGS) crystal for the first time and made a preliminary estimate about the crystal of some other uses [27, 28] . Subsequently, the growth and laser properties of LGS, Nd:LGS, and Nd-doped Ca 3 Ga 2 Ge 4 O 14 (CGG) and Sr 3 Ga 2 Ge 4 O 14 (SGG) were studied in 1983, and their properties such as optics, piezoelectricity, elasticity, and typical values were also measured [29] .
Langasite family compounds have only two independent thermal expansion coefficients, 11 and 33 , whose directions are perpendicular and parallel to -axis. The thermal expansion coefficients are 5.8 and 3.9 ⋅ 10 −6 /K, respectively. In case of LGS, it is clear that the thermal expansion of the crystal is anisotropic along the different crystallographic axes, but the anisotropy is not very strong and smaller than that of KDP [30, 31] . In addition, the thermal expansion coefficients 11 and 33 of LGN (LGT) are 6.1 (6.3) and 4.8 (4.6) ⋅ 10 −6 /K, respectively [30] . Moreover, the thermal conductivities of LGS, LGN, and LGT are 1.3, 1.4, and 1.2 W/m⋅K along thedirection, respectively, while they are 1.9, 1.7, and 1.7 W/m⋅K along the -direction [32] . These values are slightly lower than those of LiNbO 3 (4.4 W/m⋅K) and KTP (2 W/m⋅K). and LiNbO3 (0.65 J/(g⋅K)). From the above results, it is shown that the thermal properties of langasite compounds are suitable for optical applications. The LGS series crystals can be grown by Czochralski's method and the length of the largest crystal is more than 10 cm. The crystal photos are displayed in Figure 2 . It is clear that all of them are transparent and are of optical high quality. Recently, our group measured their transmission spectra, as displayed in Figure 3 . Clearly, all the three crystals have high transparency ranging from 0.5 to 5 m [17, 22] , which covers the important atmosphere transparency window. In addition, the transparent region of LGS is slightly narrowed compared with LGN and LGT, which can be attributed to high-frequency Si-O bond vibrations. There are strong and narrowly polarized absorption peaks at 1.85 m and a small absorption peak at 3 m, due to oxygen defects and Ga-O bond vibrations, respectively. The wide transparency of langasite compounds indicates that they are potential mid-IR optical materials. However, although their SHG coefficients were measured many years ago [33] , few people focus on the NLO applications of LGS. In 2014, Boursier's group reported for the first time a complete study of mid-IR NLO properties of LGT [22] , and then Yu's research group followed up and investigated the LGN crystal, in which signal beam 1.43 and idler beam 4.14 m were obtained [22] . Now, we will introduce the mid-IR applications of langasite family in detail from two aspects: electrooptic (EO) Q-switched devices and NLO optical parametric process.
Electrooptical (EO) Q-Switch Applications
Electrooptical (EO) effect is the phenomenon where the refractive index of the crystal changes with the electric field. The change in refractive index proportional to the external electric field is called the Pockels effect, while the change in the ratio of the square of the external electric field is called the Kerr effect. The EO effect can be regarded as a kind of nonlinear optical effect, and all non-centrally symmetric crystals (except 432 point group) have a linear EO effect. Although the refractive index of the EO effect crystal is generally not changed under the action of the electric field, it is sufficient to cause the propagation of light to change in the crystal, so that we can achieve the purpose of photoelectric signal conversion or mutual modulation by changing the external field. EO effect has a wide range of applications in laser technology, EO crystal commonly used as Q-switch, EO modulator, EO shutter, and so on [31] . In particular, EO Qswitch is an important optical device to achieve high-energy laser output impulse lasers.
A good EO crystal should satisfy the following conditions: large EO coefficient, wide band transmission range, high LDT, and good growth habit to obtain a large-size crystal in favor of EO Q-switched applications. So far, commercially available EO crystals are mainly LiNbO 3 , KTP, RTP, BBO, and DKDP crystals [34] . The large-size DKDP and BBO crystals are difficult to grow, whereas LN has a relatively low optical damage threshold (only 100 MW/cm 2 ). Moreover, LGT Transmittance (%)
Wavelength ( KTP is a biaxial crystal and the static birefringence must be compensated when used as Q-switch devices. Moreover, the -axis electrical resistance of KTP is too low to bear highpower lasers so as to cause gray-tracking damage. Recently, high-resistance RTP crystals have been used for EO Q-switch applications [35] . At present, no better crystals have been found to fulfil the demand of high-performance EO Qswitches, especially those lasers that generate high repetition rates. Since 2002, LGS has been promoted as a potential EO crystal owing to its large EO coefficients, high LDT, and excellent physicochemical stability [31] . The linear EO properties of LGS crystal were measured to be 11 = −2.68 pm/V and 41 = 1.22 pm/V in 2002 [24] . And then, those values of LGS were refined to be 2.3 and 1.8 pm/V by our group [36] . Despite being lower than the DKDP and LiNbO 3 crystal, the halfwave voltage can be adjusted by changing the aspect ratio of light propagating length and crystal thickness of the applied voltage. Accordingly, the research of EO properties of LGS has become a new scientific hotspot. LGS exhibits optical activity, which means that the light polarization direction is rotated as it propagates through the crystal. It has been determined that the effect of optical activity on the electrooptic process can be eliminated by reversing the effect, which means that light propagating along the optic -axis should be reversed to propagate along the -axis. In addition, the EO coefficients of LGN and LGT were also measured by Stade's group [24] . They have a comparable 11 (−2.62 and −2.82 pm/V) with LGS (−2.68 pm/V). Notably, their optical activities are stronger than that of LGS, which is slightly unfavorable for practical applications. Subsequently, many researchers mainly focused on potential applications of LGS crystals. Now, we review three typical applications of IR coherent generation using LGS EO Q-switched devices.
1.064 m Laser Generation. In 2003,
LGS Q-switched devices have been successfully used in 1.064 m Nd:YAG laser generation, where 350 mJ pulse energy with 7.8 ns pulse width output was obtained [36] . In 2009, Q-switched Nd:YVO 4 lasers properties of 30 kHz with LGS electrooptic modulator were studied in detail [37] . End-pumped by laser diodes, an average output power of 6.2 W with the pulse width of 9.1 ns was obtained.
In order to obtain a shorter pulse width of 1.064 m laser, Ma designed Q-switched lasers based on the theory of "odd transport time" and Nd:LuVO 4 crystal in 2016 [18] . The LGS crystal with a size of 5 × 5 × 25 mm 3 was cut along the -axis. By optimizing parameters, a stable LGS Q-switched laser was designed with an average output power of 4.39 W, corresponding to a slope efficiency of 29.4%, and with a minimum pulse width of 5.1 ns (Figure 4 ). The performance of the pulse laser with 200 kHz repetition rate is comparable to the BBO Q-switched laser with 200 kHz repetition rate and better than the DKDP (10 kHz) [38] , LN (7 kHz) [39] , and other LGS (30 kHz) [37] Q-switched lasers. Additionally, the observed pulse width of 5.1 ns is also smaller than the narrowest pulse width obtained with DKDP (20 ns) [40] , LN (12 ns) [39] , and other LGS (7.8 ns) [37] Q-switch lasers. This work represents the highest repetition rate observed so far in the LGS Q-switched laser regime with a pulsed laser wavelength ranging from 1.0 to 3.0 m. These results indicate that LGS can be used as a high repetition rate Q-switch and is free of piezoelectric ringing effects at least at a repetition rate of 200 kHz and that it can provide a practical Q-switched laser with a tunable high repetition rate for many applications.
2.09 m Laser Generation.
A flash lamp pumped 2.09 m Cr,Tm,Ho:YAG laser utilizing a self-grown La 3 Ga 5 SiO 14 crystal as the EO Q-switch generator is proposed and demonstrated for the first time [19] . A Cr,Tm,Ho:YAG rod with a diameter of 5 mm and a length of 127 mm was used as a gain medium. The doping concentrations of the Cr,Tm,Ho:YAG laser crystal are 1.5%, 5.8%, and 0.35% for Cr, Tm, and Ho, respectively. To obtain high output energy, a quartz quarter-wave plate was utilized to compensate for the losses caused by thermal depolarization. A -cut LGS crystal was designed and cut in a size of 7 × 7 × 45 mm 3 to decrease the quarter-wave voltage. The Q-switch operates in transversefield configuration in which an electric field was applied along the -axis while the light beam propagated along the -axis of the LGS crystal. The LGS EO Q-switch can operate properly when a voltage of 4100 V is applied.
After the opening delay time of Q-switch was optimized and the thermal depolarization was compensated, 520 mJ pulse energy with 35 ns pulse width was obtained at a pump energy of 250 J at 3 Hz and corresponding peak power of 14.86 MW. To the best of our knowledge, this is the largest Q-switched pulse energy in 2 m wavelength range without amplification. As shown in Figure 5 , the pulse width decreases with the increase of the pump energy. The output energy keeps increasing and tends to be saturated. The output energy and pulse width instability are 4.9% and 5.3%, respectively. In the experiments, by optimizing the Q-switch opening delay time to 750 s, the highest peak power has been achieved, which corresponds to a Q-switched-to-normal-mode energy extraction efficiency as high as 66.3%. Compared with RTP Q-switch, relatively low pulse energy of 42 mJ was obtained, which was limited by the damage threshold. Accordingly, the LGS crystal is an excellent candidate as a Q-switch generator to obtain higher energy.
2.79 m Laser
Generation. The 2.79 m Cr,Er:YSGG laser exhibits potential for medical applications due to its good water absorption. On the other hand, a 2.79 m pulsed laser with high peak power and high pulse energy can be used as a pump source for optical parametric oscillators (OPO) to obtain 3-12 m midinfrared laser radiation. Since RTP has absorption around 2.8 m, it cannot be used as a Qswitching crystal for this wavelength [41] . To date, LN has been successfully demonstrated as a Q-switching crystal at 2.79 m in a relatively high-energy laser; however, its LDT is too low (100 MW/cm 2 ). Therefore, we consider that LGS is an ideal candidate for an EO Q-switch operating at the 2.79 m wavelength [20] .
To verify the Q-switching performance of LGS at the 2.79 m wavelength, a Cr,Er:YSGG crystal was employed as a gain medium to form a Q-switched laser system. The Cr,Er:YSGG laser rod has a diameter of 4 mm and a length of 86 mm and is doped with 2% Cr 3+ and 30% Er 3+ . A -cut LGS crystal was designed and cut in a size of 7 × 7 × 50 mm 3 to decrease the quarter-wave voltage.
After optimizing the laser system mentioned above, a Qswitched giant pulse with 216 mJ pulse energy and 14.36 ns pulse width was obtained for pump energy of 151 J at 3 Hz. The Q-switched-to-normal-mode energy extraction efficiency is 63.5%, and its corresponding peak power is 15 MW. To the best of our knowledge, the obtained pulse energy and pulse width are the best results among pulsed lasers working at around 2.79 m reported to date. These should be attributed to the high damage threshold of the EO Q-switch crystal employed in our experiments and the high pump energy, so high pulse energy with short pulse width can be obtained in such a high gain laser system. As shown in Figure 6 , the pulse width decreases with the increase of the pump energy, and the output energy keeps increasing without saturation in our experiments, implying that it is possible to further increase the output energy by increasing the pump energy. The damage threshold of LGS at 2.79 m was measured to be about 750 MW/cm 2 by focusing this Q-switched laser on the LGS sample.
In summary, LGS has good prospects for EO Q-switching crystals operating at near-IR and mid-IR region and LGSbased Q-switched lasers will drive the development of short pulses and high-energy laser devices.
Mid-IR NLO Applications
The research on the LGS system in the piezoelectric application has been very mature, but this is a new application area where NLO applications are rare and further research and development are necessary. Under the Kleinmann assumption, there is only one independent coefficient 11 . The nonlinear coefficients and coherence lengths of langasite families were measured for the first time in 1989, takingSiO 2 as a reference [33] . And then, the NLO investigations of these compounds have been neglected for a long time. Recently, the langasite families have been reported to have better midinfrared nonlinear properties compared to KTP, especially in mid-IR atmosphere windows (3-5 m) [17, 22] . Langasite's broad transparent region, moderate effective nonlinear coefficient, high damage threshold, small spatial walk-off, large size scalability, and good thermomechanical properties make it very promising as a mid-IR nonlinear crystal.
La 3 Ga 5 SiO 14 (LGS). The NLO investigations for
LGS have already begun since 1989 [33] . In 1997, the SHG 11 of LGS was also examined to be two times larger than that of quartz by the Maker Fringe method firstly [42] . In addition, the parameters in the Sellmeier equation for LGS are accurately obtained on the basis of the measurement of the refractive indices in the region of 500 nm to 2500 nm, and the phase-matching of LGS was investigated [42] . Owing to the small birefringence (<0.015), it was revealed that LGS cannot be used to obtain the phase-matching Type I or Type II for SHG in the range of 500 nm-2500 nm. Recently, our group grew large-size LGS by Czochralski's method. It has a high transparency range from 0.5 to 5 m, plus an extra window ranging from 6 to 7 m. The nonlinear coefficient 11 of LGS was refined to be 1.86 pm/V, which is consistent with Kaminskii et al. 's result (1.7 pm/V). Compared with LGN and LGT, SHG coefficient of LGS is relatively small.
La 3 Ga 5.5 Nb 0.5 O 14 (LGN).
The linear and nonlinear optical properties of LGN were studied by our group in detail [17] . The transmission spectra of LGN are depicted in Figure 2(b) .
LGN is transparent between 0.28 and 7.4 m.
As can be seen from Figure 7 (a), is always larger than , which means LGN is a positive uniaxial crystal. A large birefringence Δ ∼ 0.03 is favorable for phase-matching condition. The nonlinear coefficient 11 of LGN was 3.0 ± 0.1 pm/V at 532 nm, measured by Maker Fringe method (Figure 7(b) ). Moreover, the optical damage threshold of LGN is 1.41 GW/cm 2 [17] , which is much larger than that of KTP and LiNbO 3 .
A Type II OPG pumped at 1.064 m was implemented, using an LGN slab with dimensions of 4 × 4 × 21 mm 3 . It was cut in the ( , ) plane along the phase-matching direction ( PM = 52 ∘ , PM = 90 ∘ ), polished for optical quality, and uncoated. Figure 8 shows the recorded signal and idler spectrum of the Type II LGN-OPG ranging from 1.06 m to 4.7 m. The emission of a signal beam at = 1.43 m and an idler beam at = 4.14 m is expected in this direction by using our phase-matching curves [17] . From these results, it can be seen that LGN is a promising highenergy crystal which can grow into a large size. It can also be applied to propagation in the range of atmospheric bandwidth (3-5 m), such as radars. Further experiments will be devoted to optical parametric oscillation (OPO), using the proper cavity design and coating of the LGN crystal faces. Very recently, LGN exhibits a favorable set of optical properties for the application in mid-IR optical parametric amplification (OPA) [43] or optical parametric chirped pulse amplification (OPCPA) [44] . Ma's group theoretically evaluated the performance of LGN as the nonlinear crystal of a midinfrared OPA and calculated the key parameters of wide bandwidth OPCPA [21] . LGN can support broadband amplification across its entire midinfrared transparent region up to 6 m, outperforming other commonly used midinfrared crystals in terms of gain bandwidth. The Type I degenerate OPA at 2.108 m is firstly calculated, with the results summarized in Figure 9 and Table 1 . Comparisons are made between the crystals of LGN, -BBO, and LiNbO 3 . As shown by the dashed lines in Figure 9 (a), LGN has the smallest phase mismatch across the spectral range from 1.5 m to 3 m. On average, the phase mismatches in -BBO and LiNbO 3 are larger than that in LGN by ∼6.5 and ∼4.5 times, respectively. This implies that LGN can support a much larger gain bandwidth (Figure 9(a) ). Compared under the same gain of 1000, the gain bandwidth of LGN is still much larger than those of LiNbO 3 and -BBO (Figure 9(b) ). Further calculations demonstrate that the zero-dispersion wavelengths of LGN, LiNbO 3 , and -BBO are located at 1.99 m, 1.89 m, and 1.43 m, respectively. We can see that the zero-dispersion wavelength of LGN is closest to the desired signal wavelength of 2.109 m, so the LGN OPA has the smallest 2, as shown in Table 1 . This is why LGN can support a so much large bandwidth.
In addition, the 3.5 m noncollinear OPA pumped at 1.054 m of LGN was also calculated with LiNbO 3 and KTA as comparison. In this spectral band, the LGN still exhibits the smallest phase mismatch and thus the largest gain bandwidth. From the above calculation and analysis, it can be seen that LGN is suitable for broadband in the infrared OPA excellent crystal. Its tolerance to phase mismatch is superior to other commonly used crystals. And its zero-dispersion wavelength (∼2 m) in the midinfrared region creates more hope for a wider gain bandwidth. Compared with OPA, near-infrared laser pumped OPCPA is more promising for producing high-energy midinfrared lasers without causing significant nonlinear pulse distortion or causing damage. Here, the broadband mid-IR OPCPAs based on LGN were also investigated by theoretical calculations. Two types of mid-IR OPCPAs pumped at 1.054 m are considered in this section: one is the Type I degenerate OPA at 2.108 m and the other is the Type II collinear OPA at 4.44 m. Figure 9 summarizes the simulation results for the Type I degenerate OPCPA at 2.108 m. Due to a smaller eff , the needed LGN length for peak conversion is nearly two times the LiNbO 3 length (Figure 10 ). For chirped seeding pulse, different spectral components are distributed at different temporal positions. Therefore, the larger gain bandwidth brings about a more efficient signal amplification and a stronger pump depletion, as shown in Figures 10(a) and 10(b) . The positions marked by points A and B are used to carry out the following calculations, which correspond to 15.55 mm long LGN and an 8.11 mm long LiNbO3. As expected, the LGN-based OPCPA exhibits an ultrabroad gain bandwidth as large as about 900 nm (FWHM), as shown in Figure 10 (c). By contrast, the gain bandwidth of the LiNbO 3 -based OPCPA is limited to about 550 nm. For the LGN-based OPCPA, a dispersion compensation of 108 fs 2 leads to the shortest pulses with a duration of 13.6 fs, very close to its Fourier transform limit (Figure 10(d) ). It is sub-two cycles at 2.108 m. For the LiNbO 3 -based OPCPA, the OPP can also be compensated by introducing a larger dispersion of 243 fs to achieve the near-Fourier-transform-limited pulse duration of 21 fs (three cycles). It should be noted that all the comparisons between LGN and LiNbO 3 are made at the same pump intensity of 10 GW/cm 2 (for 0.1 ns pulses), which is close to the damage threshold of LGN. In practice, LiNbO3 cannot afford such high pump intensity, so its amplification performance might have been overestimated.
Moreover, another potential advantage of LGN is the extended IR transparent region. In LiNbO 3 and KTA, strong absorption will arise for the wavelength beyond 4 m. In LGN, however, this wavelength limit is pushed to ∼6 m. This undoubtedly enlarges the achievable operation range of intense mid-IR OPCPAs. In summary, LGN is a very qualified candidate for the nonlinear crystals of OPA and/or OPCPA aiming to obtain high-peak-power few-cycle mid-IR pulses.
La 3 Ga 5.5 Ta 0.5 O 14 (LGT).
In 2014, Boursier's group conducted a comprehensive study of the second-harmonic generation (SHG), frequency generation (SFG), and difference frequency generation (DFG) characteristics of the LGT over the entire transparency range [22] . The transmission range of LGN is 0.3∼6.5 m. The nonlinear coefficient 11 of LGN was 2.4 ± 0.4 pm/V at 670 nm. Moreover, the optical damage threshold of LGN is 4.34 GW/cm 2 at 1064 nm, which is bigger than that of KTP, LiNbO 3 , and LGN.
They used the sphere method for the phase-matching studies. By shaping the LGT crystal as a sphere with a diameter of 4.70 mm (insert of Figure 11(a) ), the SHG, SFG, and DFG phase-matching curves were measured as a function of the phase-matching angle PM , as shown in Figure 11 . Clearly, the interpolated tuning curves are much better in agreement with the experimental data than the calculations based on Sellmeier equations. The experimental results show that LGT is able to generate up to 6.5 m by tuning the phase-matching angle in the Type II configuration. All these good indicators put LGT as a new promising nonlinear crystal for the near-infrared range, especially above 2 m that covers Band II of transparency of the atmosphere. Furthermore, LGT can be grown to about 10 cm with very high purity, enabling us to work with laser beams of large diameter that permits working at high energies while remaining below the damage threshold power density of the crystal.
Conclusions and Outlook
In summary, we review the latest applications of langasite crystals in nonlinear optics. From the beginning of the application of LGS piezoelectrics, until now, the application of the crystal in electrooptical and nonlinear fields is developing rapidly. The structure and properties of LGS, LGN, and LGT are mainly of concern. Their broad transparent region, moderate effective nonlinear coefficient, high damage threshold, large size scalability, and good thermomechanical properties Reprinted with permission from [22] . Copyright 2014 Optical Society of America. make them very promising as a kind of mid-IR nonlinear crystal. The properties of the langasite family of compounds are summarized in Table 2 .
Although much progress has been made in mid-IR NLO materials, there is still a lot of work to be done. Researchers should pay attention to the following aspects:
(i) Growing large-size crystals: although many new mid-IR materials possess excellent SHG properties, largesize crystals for practical applications have not been obtained [16] . Many important physical measurements require large-size crystals, including IR absorption edge, LDT value, and SHG tensor component. So, it is necessary to grow large-size crystals for eventually evaluating the practical application prospect of new NLO materials. According to a thorough survey in inorganic crystal structure database (ISCD), there are more than 30 compounds which belong to langasite family. However, the large-size candidates are not more than 10. Therefore, researchers should pay more attention to crystal growth.
(ii) Discovering the relationship between the structure and properties of the material: up to now, it is still unclear how the microscopic structures accurately affect the IR absorption edges, birefringence dispersion, and LDT values. In particular, the latter two properties may play a crucial role in achieving high-power harmonic output. For langasite family, there are many investigations about the relationship between piezoelectricity and chemical composition. However, the NLO properties have long been overlooked. The respective contribution to linear and nonlinear optical properties of each cation-centered polyhedron should be elucidated. And then, some excellent materials would be designed on the basis of this clear map. We believe that high-throughput DFT calculations would be very suitable for this case. (iii) Exploring the new types of metal oxides that can be transparent to mid-IR region: generally, heavy atoms should be given precedence owing to their low frequency phonon vibrations. On the other hand, the bandgap of the designed materials should maintain a large value, which is favorable to obtain high LDT. We believe that these investigations would pave the way for new mid-IR NLO materials.
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